Abstract. At present, an important slope stability analysis method consists in the evaluation of the bearing capacity of key block, which is located between the joints and fissures in rock mass, and plays the decisive role on the slope stability. Because of the defective equivalent accuracy and elusory mechanical path, the traditional analysis methods have some inevitable errors. However, the energy theory can avoid the above defects easily, in this paper, the analytical input energies are potential energy and blasting vibration energy, and the consumed energies are fractured dissipative energy, friction dissipative energy and kinetic energy of instability. In order to eliminate the size effect problem, it is necessary to emphasize each part of energy expression as the energy density form. And the first four items would be confirmed by different theories and tests, so that the instability kinetic energy could be evaluated by the energy conservation law, and then the instability velocity could be calculated to predict the instability grade of slope.
Introduction
Opencast working is a common mining method in shallow resources exploitation with the advantage of the low cost, high production efficiency and high recovery capacity. In recent years, the depth of open pits in mineral exploration has increased significantly in China. Meanwhile, the slope is becoming higher and higher, what seriously threatens the safety of people and machinery. In the interest of predicting the stability of slope, numerous scholars have paid their attention to this problem. Cha and Kim [1] evaluated the effect of shape and length of slope and soil depth for a slope stability analysis with topography; Garevski et al. [2] presented an advanced methodology for predicting the slope stability under a seismic wave by taking into account the uncertainties related to the main input parameters; Pinheiro et al. [3] adopted a new empirical system for assessing the rock slope stability analysis during the exploitation stage; Johari and Khodaparast [4] used an analytical stochastic analysis method to solve the seismic stability of infinite slope problem; Mnzool et al. [5] made a research on the southern slope stability of the Chengmenshan copper mine, China; Li et al. [6] estimated the slope stability uncertainty by using the coupled Markov chain; Li et al. [7] studied the influence of the spatial layout of plant roots on the slope stability; Nian et al. [8] also analyzed the seismic stability of slope reinforced with a row of piles, and optimized the position of the pile in a seismic area. For the slope instability, the inherent joints and fissures are the most important influence factors for the stability. All the analysis methods can be mainly summarized into three kinds. The first kind concerns regarding the rock mass as an isotropic body after adopting some equivalent methods to reduce the strength parameter [9] [10] [11] [12] [13] [14] . The second one considers the anisotropic characteristics to accept different mechanical parameters in different directions [15] [16] [17] [18] [19] [20] . The third one is related to an analysis of the bearing capacity of key block between the joints or fissures which plays a critical role for the slope stability, and some researchers named this key block as a rock bridge in a rock slope [21] [22] [23] [24] [25] [26] [27] [28] . Also, because of a lower cost and high accuracy, the numerical simulation has become a common prediction method in engineering analysis project. The fast development of computer technique makes many scholars use the Finite Difference Method (FDM) [29] [30] [31] [32] , Finite Element Method (FEM) [33] [34] [35] and Discrete Element Method (DEM) [36] to predict slope stability problems. Although, a great deal of research has been done by scholars all over the world, because of the defective equivalent accuracy and elusory mechanical path, the traditional analysis methods have some inevitable errors. In the meantime, the safety factor predicted by the stress method displays the tendency of slope stability, which cannot make sure whether the slope slides or not. Energy analysis will be more simple and accurate because energy is a status variable and doesn't rely on its path.
In this paper, the slope of the Washan open pit was chosen as the case study, after a large number of in-situ joints and fissures survey, we found that the slope was a typical key block slope. For the key block rock, the mainly acting energies were summarized as potential energy, blasting vibration energy, fractured dissipative energy, friction dissipative energy and kinetic energy of instability. In order to eliminate the size effect problem between rock specimen and rock mass, each part of energies is expressed in the energy density form. Each of the total energy components was assessed by different methods or simulations. For the potential energy, the value could be confirmed by the gravitational potential energy method of the slope elements. The blasting vibration energy was calculated by the vibration velocity field, which was predicted by the accurate blasting load and the equivalent elastic boundary in the FDM software (FLAC3D). The fractured dissipative energy and friction dissipative energy could be fitted from the Split Hopkinson Pressure Bar (SHPB) and uniaxial compressive testing data. At last, the kinetic energy of instability could be calculated by the energy conservation law, and then the instability velocity could be calculated to predict the instability grade of slope.
Energy distribution analysis
In most of high rock slopes, there is a large number of joints and fissures. By taking in-situ joints and fissures survey, the preponderant joints and fissures' group could be figured out. In this study, the northern slope of the Washan open-pit mine was chosen as the analysis target. The photograph of Washan open-pit mine was shown in Fig. 1 . In order to describe the development status of in-situ joints and fissures in slope, 306 exposed joints and fissures were monitored by a geological compass on the northern slope. After data summarized and analyzed, the preponderant joints and fissures' groups were determined and drawn in Fig. 2 .
Based on the in-situ survey, the formation rock in the northern slope is tuff breccia, and the joints and fissures' group indicated in Fig. 2 showed that the preponderant groups were around 120 degrees and 220 degrees respectively. Considering the actual engineering geology, slope structure and in-situ joints and fissures' monitoring data, a conceptual diagram could be determined as shown Fig. 3 . So, for the element body of key block, the applied energy and dissipative energy could be concluded as the potential energy, blasting vibration energy, fractured dissipative energy, friction dissipative energy and kinetic energy of instability, which were reflected in Fig. 3 . After introducing the energy distribution in the key block of slope, adopting the energy conservation law, each part of energy was determined by different theories or tests in the below section as shown in Eq. (1):
where, is the total potential energy of the key block and its overlying rock; is the vibration energy of the key block, caused by the blasting at the far field; is the fractured dissipative energy during the key block rock, fractured by the input energy, this fractured dissipative energy includes the cut-through dissipative energy between the joints or fissures and the new surface formed energy by the fracture mechanics theory; is the friction dissipative energy between the structural surface in the key block rock after it is fractured by the input energy; is the instability kinetic energy, which is the energy resource of the instability, so, after this kinetic energy calculated, the status of slope, and even the sliding velocity can be represented.
In order to eliminate the size effect problem between rock specimen and rock mass, each part of energies would be expressed as the energy density form. The equation can be shown as:
where, the series of symbols in Eq. (2) are the corresponding energy density form in Eq. (1).
Energy conservation analysis

Potential energy
For the potential energy, its value can be confirmed by the gravitational potential energy method of the slope. During the potential energy analysis, it must be noticed that the potential energy should include the key block rock and its overlying rock together. The conceptual diagram was shown clearly in Fig. 4 . 
where, is the sum mass of key block rock and the overlying rock; is the gravitational acceleration; ℎ is the height between analysis element and bottom of open pit mine.
So, the potential energy density is:
where, is the volume of overlying rock, and is the volume of key block rock.
Blasting vibration energy
For the blasting vibration, the vibration velocity on the slope surface can be monitored by the blasting vibration velocity recorder. Considering the different distance from explosive source, the attenuation and propagation law of slope surface in the blasting field could be fitted. However, this superficial velocity would not satisfy the blasting vibration energy in a key block rock very well. With the fast development of computer technique, many scholars use the numerical simulation software to predict vibration velocity. However, most of these simulations adopted traditional triangular loading, trapezoidal loading or exponential loading. These loadings are too simplified to analyze the blasting problem. Li et al. divided the whole blasting process into four stages (earlier stage, middle stage, later stage and last stage), and adopted the Chapman-Jouguet model, high pressure gas law, gas kinetic theory and instant dissipation assumption to deduce the equations as [37] :
After fitting the above equations by MATLAB, the accurate blasting load model was obtained and shown in Fig. 5.   Fig. 5 . Accurate blasting load model [37] Meanwhile, for the blasting vibration energy, if the key block is located in the far side of blasting field, and it is due to the multiple superposition of blasting sequences and complicated rock fragmentation mechanism, it is not necessary to analyze the explosive rock fragmentation mechanism by employing the equivalent elastic boundary method [37] . This equivalent elastic boundary considered the blasting loading only when the elastic vibration is produced beyond the crushed and fractured zone around the blasting hole. Then, the attenuation rule could be confirmed, at the same time, by using the dynamic Saint-Venant's principle [38] , the dynamic loading applied on the equivalent elastic boundary was:
The 3D slope model was built in the FDM software (FLAC3D) with accepting the accurate blasting loading, equivalent elastic boundary and physical and mechanics parameters of rock, the velocity field can be predicted to calculate the blasting vibration energy by Eq. (9):
where, is the predicted velocity by numerical simulation. So, the blasting vibration energy density is:
Fractured dissipative energy
According to the fracture mechanics theory, when the rock was fractured by the dynamic energy, such as the blasting energy, the cut-through between the joints or fissures and the new formed surface would consume some energy. This energy was the fractured dissipative energy, so it contained the cut-through dissipative energy and new surface forming energy. There is a threshold value for the dynamic loading to fracture rock, that is to say, only the input energy is more than this threshold value, the rock will be damaged. On the contrary, the rock is undamaged. The fractured dissipative energy and damaged threshold value could be estimated by conducting the Split Hopkinson Pressure Bar (SHPB) test. The typical SHPB system was shown in Fig. 6 .
After a large number of SHPB tests under different strain rates, the damaged threshold value was confirmed. After the analysis on the energy distribution of the whole test, the fractured dissipative energy was also calculated by Eq. (11):
where, is the total input energy equal to the initial input kinetic energy of impact bar; is the rebounding energy of the impact bar, and the initial input velocity and rebounding velocity could be monitored by the laser velocitmeter;
is the kinetic energy of rock samples' fragment, which can be reflected by the high-speed camera;
is the elastic wave energy in the rock sample, which can be calculated by equations; is the fractured dissipative energy; is the elastic displacement energy in the impact bar, incidence bar and transmission bar, and it can be ignored due to high stiffness; is the residual energy, which includes the heat energy, sound energy and so on. The research shows that this part of the energy is less than 2 % of total energy, so it can also be ignored.
Fig. 6. Typical SHPB system in laboratory
At the same time, with processing the monitoring strain curves in an incidence bar and transmission bar, the dynamic mechanical parameters could be obtained:
Friction dissipative energy
The friction dissipative energy was the energy consumed during relative motion between different structural surfaces in the rock after it was fractured by the energy. It can be evaluated by the analysis of the compressive test. The typical compressive test curve and its partition were expressed in Fig. 7 .
As shown in Fig. 7 , the areas with different colors illustrated the different energy partition during the compressive test: the yellow area means the elastic displacement energy under the elastic state; under the plastic state, the red and yellow areas both demonstrate the plastic dissipative energy, and the light blue area diplays the elastic displacement energy under the plastic state; when the stress go through the peak stress that means that the rock is damaged completely, in the behind stage, the main energy consumes during relative motion between different structural surfaces, the purple color area displays the friction dissipative energy. So, the expression of the friction dissipative energy is:
where, ( ) is the expression of the stress-strain curve between the peak strain and final strain . 
Kinetic energy of instability
Instability kinetic energy is the energy resource of the slope instability. It can make the rock mass of slope slide till cause disaster. After estimating the input energy and dissipative energy, the residual energy is the kinetic energy of instability, and the velocity of the slide mass is:
The calculated velocity was used to evaluate the stability and landslide grade of the slope, and this mouth was more visual and certain for the prediction.
Slope stability analysis of Washan open pit mine
Laboratory test
The formation of key block rock mainly is tuff breccia in the Washan open pit mine. In order to obtain the damage threshold value, fractured dissipative energy and dynamic characteristics, 20 tuff breccia rock samples with 50 mm diameter and 25-32 mm length were tested by the SHPB system. The ratio between length and diameter of rock samples were from 0.5 to 0.64 as shown in Fig. 8.   Fig. 8 . Rock samples before SHPB impact test After SHPB impact tests under different strain rates, the rock samples were crushed into different rock fragments. The higher the strain rate is, the more complete damage is. The crushed rock samples are shown in Fig. 9 .
As shown in Fig. 9 , the rock sample Nos. 8, 9, 14 and 18 are undamaged after the SHPB impact test, and the input strain rate were 80s . So, in this paper, the damage threshold strain rate was confirmed as 150s -1 . By using the above calculating formulas in section 3.3, the fractured dissipative energy and the dynamic characteristics with different strain rate could be fitted as shown in Fig. 10 and Fig. 11 . Fig. 9 . Rock samples after SHPB impact test
In Fig. 10 , the total energy is the input energy of impact bar, it can be calculated by the strain rate, so the fractured dissipative energy could be obtained by analyzing the data from Fig. 10 .
For the friction dissipative energy, 3 groups of 9 rock samples with different confining pressures were carried out by the compressive tests with the triaxial apparatus, and the typical rock samples before and after test were shown in Fig 12. After testing, typical test curves with different confining pressures were shown in Fig. 13 . The friction dissipative energy in the total input energy can be calculated using Eq. (15), which was introduced in Section 3.4. The fitting results were shown in Fig. 14 . In Fig. 14 , the total energy is the whole area of the stress-strain curves, which is obtained from the compressive test with different confining pressures. It can be calculated with the help of integral formulas, so, the friction dissipative energy can be obtained by analyzing the data from 
3D simulation model and input parameters
The blasting vibration energy could be predicted by a numerical simulation. Based on the actual engineering geology and structures, a 3D model was built in the FLAC3D finite difference software to accept the constitutive parameters, blasting load, equivalent elastic boundary and physical and mechanics parameters as shown in Fig. 14 Blasting zone were designed as the columns of blast holes, the particular size of the blast hole was depicted in Fig. 16 , and the arrangement of blast holes is also indicated in Fig. 16 . The blasting parameter was shown in Table 1 and Table 2 . From the top to the bottom, there are 3 layers that consist of artificial miscellaneous filled soil, tuff breccia, and mixed granite, which constitutive parameters were obtained from the lab test as shown in Table 3 . 
Numerical simulation analysis
In this simulation, the solution age was set to 1.6s. After 138912 calculation steps, the simulation velocity curves with the peak velocity of 9.23 cm/s at the 300 m distance from the explosive source was shown in Fig. 17 . At the same position, the monitoring velocity curves were shown in Fig. 18 with 9 .28 cm/s peak velocity. As per the contrastive analysis of Fig. 17 and Fig. 18 , it is easy to know that two velocity curves have a similar peak value and the same attenuation law. It can be verified that the numerical simulation is accurate enough to predict the blasting vibration energy. After extracting the blasting velocity field in the simulation model, the contours at different solution age were shown in Fig. 19 . As shown in Fig. 18 , the blasting vibration wave propagated as a spherical wave from the explosion center to a distant position, which depended on the setting of equivalent elastic boundary. Due to the millisecond delay blasting method and superposition of blasting segments, there was an obvious interval of wave strength. Also, the largest vibration field occurred at the time of four or five segments blasting by analyzing the blasting velocity contour versus time.
In this simulation, 15 monitoring points were set at the site of key block in the slope, thereby, 15 historical curves were predicted to provide the value of peak velocity with different distances from the explosive source. The fitted curve was shown in Fig. 20, 
Safety criterion of slope stability
Considering the heights from the open pit bottom and volume ratio between the overlying rock and key block rock, and calculating each part energy by using the above introduced method and equations, the safety criterion of slope stability could be provided as shown in Fig. 21 .
In Fig. 21 , if the input energy density is larger than the damaged threshold energy density, which was obtained by the SHPB impact test, the key block rock would be fractured. So, it is easy to know that the key block under fourfold status will be fractured at 260 m above the open pit bottom elevation. This situation would appear at 345 m from the elevation for the threefold status. Also, after deducting the friction dissipative energy, which was confirmed in Section 4.1, the instability velocity could be predicted. Taking the fourfold status at 400 m elevation as example, the remainder energy density after key block damaged is 1.5×10 7 J. Taking out the friction dissipative energy density 1.1×10 7 J, the kinetic energy density is 0.4×10 7 J. According to the theorem of kinetic energy, the initial velocity of slip rock mass could be calculated, and the value is 0.195 m/s.
Conclusions
With adopting the theoretical analysis, laboratory test and numerical simulation methods, the instability kinetic energy could be evaluated by the energy conservation law, and then the instability velocity could be calculated to predict the instability grade of slope in this paper.
Based on large quantities of exposure joints and fissures monitored, the tendency of the preponderant joints and fissures' group were 120 degrees and 220 degrees. Considering the actual engineering geology and slope structure and the in-situ joints and fissures' monitoring data, it can be confirmed that the Washan open pit slope is a key block controlling slope.
Taking an advantage of the energy conservation law, the applied energy and dissipative energy of key block can be concluded as the potential energy, blasting vibration energy, fractured dissipative energy, friction dissipative energy and kinetic energy of instability. Each part of energy could be obtained by using the above methods and lab test.
After analyzing each part energy density, the safety criterion of slope stability could be presented. Even the velocity of slip rock mass could be calculated. It can be seen that this energy analysis method is more accurate and clearer than the traditional safety factor.
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